The betaherpesvirus human cytomegalovirus (HCMV) encodes several molecules that block antigen presentation by the major histocompatibility complex (MHC) proteins. Humans also possess one other family of antigen-presenting molecules, the CD1 family; however, the effect of HCMV on CD1 expression is unknown. The majority of CD1 molecules are classified on the basis of homology as group 1 CD1 and are present almost exclusively on professional antigen-presenting cells such as dendritic cells, which are a major target for HCMV infection and latency. We have determined that HCMV encodes multiple blocking strategies targeting group 1 CD1 molecules. CD1 transcription is strongly inhibited by the HCMV interleukin-10 homologue cmvIL-10. HCMV also blocks CD1 antigen presentation posttranscriptionally by the inhibition of CD1 localization to the cell surface. This function is not performed by a known HCMV MHC class I-blocking molecule and is substantially stronger than the blockage induced by herpes simplex virus type 1. Antigen presentation by CD1 is important for the development of the antiviral immune response and the generation of mature antigenpresenting cells. HCMV present in antigen-presenting cells thus blunts the immune response by the blockage of CD1 molecules.
The betaherpesvirus human cytomegalovirus (HCMV) encodes several molecules that block antigen presentation by the major histocompatibility complex (MHC) proteins. Humans also possess one other family of antigen-presenting molecules, the CD1 family; however, the effect of HCMV on CD1 expression is unknown. The majority of CD1 molecules are classified on the basis of homology as group 1 CD1 and are present almost exclusively on professional antigen-presenting cells such as dendritic cells, which are a major target for HCMV infection and latency. We have determined that HCMV encodes multiple blocking strategies targeting group 1 CD1 molecules. CD1 transcription is strongly inhibited by the HCMV interleukin-10 homologue cmvIL-10. HCMV also blocks CD1 antigen presentation posttranscriptionally by the inhibition of CD1 localization to the cell surface. This function is not performed by a known HCMV MHC class I-blocking molecule and is substantially stronger than the blockage induced by herpes simplex virus type 1. Antigen presentation by CD1 is important for the development of the antiviral immune response and the generation of mature antigenpresenting cells. HCMV present in antigen-presenting cells thus blunts the immune response by the blockage of CD1 molecules.
The members of the CD1 family are nonclassical major histocompatibility complex class I (MHC-I) molecules which present primarily hydrophobic antigens such as lipids, in contrast to classical MHC-I molecules, which present peptides. They bind beta-2-microglobulin, require some of the same chaperones as classical MHC-I molecules, and have a structure similar to that of classical MHC-I molecules. However, they also bind the invariant chain and recycle through endocytic compartments, as do MHC-II molecules (reviewed in reference 4). They can present antigens derived from either the endoplasmic reticulum or endocytic compartments which are loaded onto CD1 molecules by a specialized antigen-loading complex (reviewed in reference 23). The possession of diverse features of the MHC-I and MHC-II systems has lead to the hypothesis that CD1 molecules are evolutionarily ancient and were present in the primordial MHC (reviewed in reference 31). This hypothesis was recently supported by the discovery of CD1 molecules in birds (24, 27, 37) . CD1 molecules also have fundamental differences from the classical MHC-I system, originating partly in the hydrophobic nature of the antigens presented. CD1 genes, unlike either MHC-I or MHC-II genes, are also nonpolymorphic. Thus, the CD1 system is best considered as an ancient, unique antigen-presenting system with features common to other, better known systems.
Although CD1 genes are monoallelic or have a very restricted range of alleles, there is a high degree of divergence in the size of the CD1 family among species. For example, mice have only one functional CD1 molecule, CD1d. In contrast, humans have five CD1 molecules, CD1a to CD1e, which can be separated into two groups: group 1 consists of CD1a to CD1c, and group 2 consists of CD1d. CD1e is often classified as a group 1 molecule, although it shows significant differences from other group 1 molecules. The CD1 molecules recirculate to different intracellular compartments as dictated by tyrosine motifs within their cytoplasmic domains. The reasons behind the variation in the number of CD1 genes in contrast to the multiple alleles seen with classical MHC-I molecules are obscure but may be associated with the fact that the nature of the antigen loaded depends on the subcellular compartment to which the CD1 molecule localizes. The "traffic hypothesis" proposes that the deletion of individual CD1 genes during evolution is compensated for by the expansion of the recirculation pattern of the remaining CD1 molecules and that the recirculation patterns of CD1 molecules, like the structure of the presenting cleft, are under evolutionary pressure (9) . The limited range of ligands known to be presented by CD1 molecules (4) also supports the idea that components other than the presenting cleft are important for antigen presentation.
CD1 molecules have a well-established role in antimicrobial immunity, particularly against mycobacteria. The best-studied molecule, CD1d, presents antigens to a subset of T cells called natural killer T (NKT) cells, so called due to the coexpression of NK markers and T-cell receptors on their surfaces. These cells undergo a unique development pathway during T-cell generation (reviewed in reference 3). Their role includes the modulation of both the adaptive and innate immune responses by rapid cytokine release.
Viral evasion of the immune system is a common phenomenon (reviewed in reference 1). The herpesviruses typically establish a life-long infection and thus have a high burden of genes that interfere with antigen presentation. Human cytomegalovirus (HCMV) is exceptional among the herpesviruses for having the highest number of known molecules that block MHC-I antigen presentation. These viral molecules form an overlapping and complementary shield in order to inhibit multiple pathways, reduce antigen presentation to a minimum, and thus enable HCMV to evade and persist in spite of a competent immune system. Unlike MHC-I, which is ubiquitously expressed, the CD1 molecules have limited distributions, CD1a to CD1c and CD1e being restricted primarily to antigen-presenting cells such as dendritic cells (DC) and some B cells. Although it is wellknown that HCMV interferes with antigen presentation by MHC-I molecules, little is known about the interplay between HCMV and the CD1 antigen presentation system. We and others have previously observed that CD1a is downregulated on HCMV-infected DC (12, 17, 32) , and an impaired CD1a phenotype of DC isolated from immunocompetent individuals with active HCMV infections has been reported previously (11) . Recent work has shown that the herpesviruses herpes simplex virus type 1 (HSV-1) and Kaposi's sarcoma-associated herpesvirus (KSHV) both inhibit CD1 presentation (34, 38, 43) . CD1 molecules have also been implicated in immunity against several other viruses (2, 10, 13, 18, 19), including murine cytomegalovirus (MCMV) (42) , although their precise function is a matter of debate. HCMV is known to infect DC (29, 32, 36) , is latent within promonocytic cells (14, 22, 25) , and can be regarded as having a strong tropism for antigen-presenting cells and DC in particular. With these characteristics in mind, we speculated that there was a high probability of finding CD1-blocking genes expressed by HCMV.
We demonstrate here the existence of multiple HCMVencoded mechanisms for CD1 blockage that affect both the transcription and the cell surface expression of CD1 molecules. We identify one HCMV gene, the gene for the interleukin-10 (IL-10) homologue cmvIL-10, that has as part of its function the downregulation of CD1. We furthermore demonstrate that an HCMV early gene prevents the relocalization of CD1 molecules to the cell surface and thus inhibits the CD1-specific T-cell response.
MATERIALS AND METHODS
Cells and virus. U373 cells were maintained in Eagle's minimal essential medium supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 IU of penicillin, 100 g of streptomycin/ml, and 4.5 mM glutamine. HCMV was propagated in MRC5 cells, and HSV-1 strain F was propagated in Vero cells, the supernatant from lytic cells being cleared of debris by centrifugation and subsequently concentrated by centrifugation at 100,000 ϫ g before being frozen in liquid nitrogen. Titers of virus stocks on MRC5 cells were determined. The infection of cells was performed by incubating the cells with virus for 1 h, and cells were then washed thrice with phosphate-buffered saline (PBS) before the addition of normal medium. The HCMV low-passage-number clinical strain NEWT was used for DC experiments, and strain AD169 was used for all U373 cell experiments except where otherwise stated. In order to generate supernatants from infected cells with or without cmvIL-10, fibroblasts were infected with AD169 or RVAdIL10C at a multiplicity of infection (MOI) of 1 (30) . Medium was changed after 72 h to normal DC medium, and supernatants were collected at 96 h, filtered through 0.1-m pores, and stored at Ϫ20°C.
Transfection of cells. For the generation of CD1a, CD1b, and CD1c genetransfected cell lines, cDNA derived from immature DC was amplified by PCR using appropriate primer sets and cloned into pEF6 (Invitrogen, Karlsruhe, Germany) or pEGFP-N1 (BD Biosciences Clontech, Heidelberg, Germany).
CD1b in pEF6 was also mutated to remove the last eight cytoplasmic amino acid residues by PCR-based mutation. HCMV US2, US3, US6, and US11 genes were cloned from HCMV strain AD169 into the plasmid pIRES2 (BD Biosciences Clontech, Heidelberg, Germany). U373 cells were transfected with 5 g of plasmid by using an Eppendorf multiporator at 410 V and 100 ms with hypoosmotic buffer and a 4-mm cuvette. Cotransfection with the plasmids pef-CD1a and pef-CD1b was achieved with a 1:1 mix of plasmids, 5 g being the total volume used.
Generation of DC. Human DC were generated from monocytes isolated from buffy coat preparations supplied by the German Red Cross, Berlin, Germany. Monocytes were isolated from peripheral blood mononuclear cells (PBMC) by negative selection with antibody-coupled magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany) and cultured in RPMI 1640 supplemented with 10% heat-inactivated FCS, 100 IU of penicillin, 100 g of streptomycin/ml, 4.5 mM glutamine, 500 U of granulocyte-macrophage colony-stimulating factor (GM-CSF)/ml, and 200 U of IL-4/ml. Except where stated, DC were used for experiments after 2 days of culture.
Antibodies. For phenotypic analyses of cell markers by flow cytometry, the following reagents were used: human CD1a monoclonal antibody (MAb) clone HI149 was obtained from Immunotools (Friesoythe, Germany), human CD1b MAb clone 4A7.6 and human CD1c MAb clone L161 were purchased from Immunotech (Marseille, France), and human MHC-I MAb clone W6/32 was a kind gift from G. Moldenhauer (German Cancer Research Center, Heidelberg, Germany). Human CD63 MAb clone H5C6 and isotype-matched control antibodies were purchased from BD Biosciences Pharmingen (Heidelberg, Germany). Polyclonal rabbit anti-HCMV was obtained from Chemicon (Ochsenhausen, Germany). MAb against HCMV glycoprotein B (gB) clone 1-M-12 was purchased from Dunn Labortechnik (Asbach, Germany), and MAb against HCMV IE1 clone NEA9221 was supplied by NEN Life Sciences (Heidelberg, Germany). Secondary reagents were purchased from Dianova (Hamburg, Germany).
Cytokines, Toll-like receptor (TLR) agonists, and reagents. GM-CSF and IL-4 were supplied from Immunotools (Friesoythe, Germany). Viral and cellular IL-10 compounds were supplied from R & D Systems (Bad Nauheim, Germany). Lipoteichoic acid from Staphylococcus aureus was supplied by InvivoGen (Toulouse, France). Cycloheximide, actinomycin D, and phosphonoacetic acid were obtained from Sigma-Aldrich (Hannover, Germany). Cycloheximide was used at 200 g/ml from 30 min preinfection to 6 h postinfection, when cells were washed thrice with PBS before being incubated in normal medium with actinomycin D at 10 g/ml. Phosphonoacetic acid was used at 150 g/ml.
Flow cytometry. Cells in suspension were washed once with ice-cold FACSwash solution (PBS with 1% FCS and 0.02% sodium azide) before being resuspended with the first antibody in ice-cold FACSblock (PBS with 10% heatinactivated FCS and 0.2% sodium azide) for 1 h. The cells were then washed in ice-cold FACSwash solution, and the staining was repeated with phycoerythrin (PE)-coupled anti-mouse secondary antibody. Subsequently, cells were washed in ice-cold FACSwash and then resuspended in 100 l of PBS with 0.3% formaldehyde. Flow cytometry was performed on a FACSCalibur flow cytometer (Becton Dickinson, Heidelberg, Germany). Intracellular flow cytometry was performed in a similar fashion with the following differences. Cells were fixed with 4% paraformaldehyde for 5 min before being washed thrice with PBS. Cells were permeabilized by the addition of 1% saponin to FACSblock and 0.1% saponin to FACSwash.
Antigen-specific mean fluorescence index (MFI) scores were calculated by subtracting the intensity of nonspecific staining by an isotype-matched control primary antibody from the intensity of antigen-specific primary antibody staining. Enhanced intracellular background staining due to HCMV-encoded Fc binding proteins was thus excluded.
qRT-PCR. Quantitative reverse transcriptase PCR (qRT-PCR) for CD1 genes was performed using 10 6 cells collected in 300 l of lysis buffer from the MagnaPure mRNA isolation kit I (Roche Diagnostics, Mannheim, Germany). mRNA was isolated with the MagnaPure-LC device by using the mRNA kit I standard protocol. The elution volume was set to 50 l. An aliquot of 8.2 l of RNA was reverse transcribed in a thermocycler by using avian myeloblastosis virus RT and oligo(dT) as the primer, both from a first-strand cDNA synthesis kit, according to the protocol of the kit manufacturer (Roche). After the termination of the cDNA synthesis, the reaction mix was diluted to a final volume of 500 l and stored at Ϫ20°C until PCR analysis. Primer sets specific for the sequences of CD1a to CD1e genes and optimized for the LightCycler (RAS, Mannheim, Germany) were developed and provided by SEARCH-LC GmbH (Heidelberg, Germany). PCR was performed with the LightCycler FastStart DNA Sybr green I kit (RAS) according to the protocol provided in the parameter-specific kits. To correct for differences in the contents of mRNA, the cal-VOL. 82, 2008 HCMV EVASION OF CD1 ANTIGEN PRESENTATION 4309 culated copy numbers were normalized according to the average expression of two housekeeping genes, the cyclophilin B and beta-actin genes. Endocytosis and recirculation assays. For the analysis of endocytosis, cells were stained with the relevant MAb in normal culture medium on ice for 1 h. After being washed once, they were incubated for 4 h at either 4 or 37°C. Cells were then stained for remaining cell surface-bound MAb with a PE-labeled secondary antibody. The reduction in specific staining at 37°C compared to the specific staining at 4°C represents the level of endocytosis.
For the analysis of the CD1 molecules returning to the cell surface, cells were incubated with the relevant MAb for 3 h in normal culture medium at 37°C. Cells were then washed, and remaining cell surface antibody was removed by incubation in a solution of 300 mM glycine (pH 3) and 1% FCS for 2 min. Cells were washed twice in PBS and then incubated in normal medium at either 4 or 37°C for 3 h. Cells were then stained for remaining cell surface-bound MAb with a PE-labeled secondary antibody. The increase in specific staining at 37°C compared to the specific staining at 4°C represents the level of recirculation to the cell surface.
Confocal microscopy. U373 transfectants grown on coverslips were fixed and permeabilized by acetone-methanol (1:1) at Ϫ20°C for 5 min. Thereafter, slides were washed three times before being blocked with FACSblock containing nonspecific human immunoglobulin G (Sigma-Aldrich, Germany) to block nonspecific staining. Cells were subsequently stained with MAbs against CD1a to CD1c at a 1:200 dilution and rabbit polyclonal antiserum against HCMV (Chemicon, Ochsenhausen, Germany) at a dilution of 1:400 or anti-CD63 at a dilution of 1:200. After three washes in PBS, primary antibody staining was followed by secondary antibody staining using isotype-and FIG. 1. Reduced CD1 expression on DC post-HCMV infection. (A and B) Human DC generated from monocytes were infected with HCMV strain NEWT at a MOI of 3, mock infected with UV-inactivated HCMV, or not infected before incubation for 3 days and analysis for group 1 CD1 molecules by flow cytometry (A) or qRT-PCR (B). The unfilled solid-line curves represent data for live HCMV-infected DC, the dark gray filled curves represent data for UV-inactivated HCMV-treated DC, and the light gray filled curves represent data for uninfected DC. The unfilled stippled-line curves represent data for isotype-matched control antibody. One typical example from three is given. (C) Human DC were generated by 7 days of incubation with cytokines before being infected as described in the legend to panels A and B. One typical example of two is given.
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species-specific fluorescein isothiocyanate-, Alexa 568-, or Cy5-coupled secondary reagents at a dilution of 1:500. After a further three washes in PBS, coverslips were mounted and analyzed using a Leica DM 2500 confocal microscope and LCS software. T-cell assays. For proliferation assays, 5 ϫ 10 4 CD1b gene-transfected U373 cells (U373-CD1b cells) were irradiated with 100 Gy and pulsed with 10 g of lipoarabinomannan (LAM)/ml for 30 min before 5 ϫ 10 4 antigen-specific T cells/well were added. The LAM-reactive T-cell line LCD4.7 was derived from lesions of a leprosy patient. Cells were cultured in triplicate in complete medium in 96-well round-bottom plates for 3 days at 37°C and 5% CO 2 before [ 3 H]thymidine (1 Ci/well; Amersham) was added over 18 h. Thereafter, cells were harvested and liquid scintillation measurements were performed using a Top Count scintillation counter (Packard, Darmstadt, Germany). The specific T-cell response was calculated by subtracting the level of baseline proliferation (that in cultures of U373-CD1b and T cells) from the level of proliferation in the presence of antigen (that in cultures of U373-CD1b and T cells with LAM).
In order to generate CD1b-specific and nonspecific CD4 ϩ T-cell lines, 1.5 ϫ 10 6 PBMC/ml were cultivated either with a 4 ϫ 10 4 /ml concentration of CD1b gene-transfected LCL 721.174 cells previously irradiated with 100 Gy and pulsed with 10 M sulfatide (Sigma-Aldrich, Hannover, Germany) for 2 h or with the same quantity of untransfected, unloaded LCL 721.174 cells. LCL 721.174 is an MHC-I-and MHC-II-negative B-cell line, and sulfatide is a promiscuous antigen that is presented by group 1 CD1 molecules. PBMC were cultured in medium containing 25 U of IL-2/ml for 7 days before CD4 ϩ cells were selected by a MACS system (Miltenyi Biotec, Bergisch Gladbach, Germany). CD4
ϩ T cells were allowed to rest in medium with IL-2 for 2 days before use.
For cytokine release assays, autologous DC were generated by incubation with GM-CSF and IL-4 for 6 days. DC were infected with HCMV at a MOI of 3 for 3 days before use. Infected or uninfected DC (2 ϫ 10 4 ) were mixed with 2 ϫ 10 5 autologous CD4
ϩ T cells, and the mixtures were incubated for 2 days before the collection of supernatants. Gamma interferon (IFN-␥) release was measured by an enzyme-linked immunosorbent assay (Immunotools, Friesoythe, Germany). The level of sulfatide-specific IFN-␥ released by CD1b-specific CD4 ϩ T cells was determined, as was the level of sulfatide-specific IFN-␥ released from nonspecific CD4 ϩ T-cell lines (background). For cytotoxicity assays, 3 ϫ 10 4 U373-CD1b cells were loaded with 15 mM calcein for 30 min before being pulsed with 10 M sulfatide (Sigma-Aldrich, Hannover, Germany) for 1 h. Cells were washed and added to 3 ϫ 10 5 CD1b-specific CD4 ϩ T cells. Supernatant was collected after 5 h and evaluated on a Mithras LB940 instrument (Berthold Technologies, Barsinghausen, Germany). HCMV-specific cytotoxicity was measured by subtracting UV-inactivated virusinfected cells from virus-infected cells. The percentage of lysis was determined by comparing results with the same cells not mixed with T cells (null lysis) and cells exposed to 2% sodium dodecyl sulfate (maximum lysis).
RESULTS

Group 1 CD1 molecules on DC are downregulated by HCMV infection.
In order to investigate if HCMV affects the expression of CD1 molecules, we infected primary human cells expressing high levels of endogenous group 1 CD1 molecules with a low-passage-number clinical strain of HCMV capable of productively infecting human antigen-presenting cells (32) . Flow cytometric analysis of human DC infected with HCMV strain NEWT at a MOI of 3 revealed the downregulation of all group 1 CD1 molecules 3 days postinfection ( Fig. 1A and C) . Transcriptional analysis by qRT-PCR showed strongly reduced transcript levels postexposure to live virus and, to a lesser extent, to UV-inactivated HCMV (Fig. 1B) . These observations demonstrate that HCMV downregulates CD1 molecules on the transcriptional level.
HCMV-encoded IL-10 interferes with CD1 antigen presentation on the transcriptional level. Since in DC, transcriptional downregulation postinfection was apparent, we decided to test viral factors that may regulate CD1 transcription. HCMV encodes an IL-10 homologue (cmvIL-10) which shapes the phenotype, function, and survival of DC (20, 33) . We investigated whether cmvIL-10 also interferes with CD1 antigen presentation pathways. Both cell surface expression and relative transcript numbers of group 1 CD1 molecules on DC were decreased after exposure to cmvIL-10 ( Fig. 2A and B) . Similar observations were made using human IL-10 and an IL-10 homologue encoded by Epstein-Barr virus (data not shown). DC cultivated in supernatant from fibroblasts infected with either AD169 or the cmvIL-10 gene deletion virus RVAdIL10C (30) also showed stronger downregulation of CD1 molecules in the presence of cmvIL-10 than in the absence of cmvIL-10 (Fig.  2C) . Thus, virus-encoded IL-10 mimics endogenous IL-10 by downregulating CD1 transcripts and represents a novel mechanism by which HCMV may evade CD1-restricted T-cell responses.
Posttranslational HCMV-induced downregulation of cell surface CD1. As both alpha-and gammaherpesviruses (HSV-1 and KSHV) have been shown to possess posttranscriptional CD1-blocking mechanisms (34, 38, 43) , the possibility of a posttranscriptional component of HCMV-encoded CD1 interference was investigated. U373 astroglioma cells expressing group 1 CD1 molecules driven by the constitutively active human EF-1␣ promoter were infected with HCMV strain NEWT. Infection downregulated all group 1 CD1 molecules, although CD1b was especially sensitive to this effect (Fig. 3A) . This downregulation was posttranscriptional, as qRT-PCR analysis showed no significant inhibition (Fig. 3B) . HCMV reduction of cell surface CD1b resulted in the functional inhibition of CD1b-reactive T cells (Fig. 4) . Effective blocking of CD1b-specific cytotoxicity was demonstrated in cell lines in which the CD1b cytoplasmic domain was intact, whereas increased cytotoxicity was shown when this domain was removed (Fig. 4C ). This blocking mechanism was furthermore conserved in the fibroblast-adapted HCMV strain AD169 (Fig.  5A) , which has fewer open reading frames than clinical strains of HCMV (6) . Taken together, these data indicate that HCMV interferes with antigen presentation through group 1 CD1 molecules by a posttranslational mechanism.
Accumulation of intracellular group 1 CD1 molecules post-HCMV infection. In order to investigate how this reduction takes place, we used intracellular flow cytometry to measure the total level of CD1 in infected cells. A comparison of cell surface group 1 CD1 staining with total CD1 expression from permeabilized cells revealed that HCMV-infected cells upregulated the total quantity of CD1 while downregulating cell surface CD1 expression (Fig. 5A) . Among the CD1 molecules, cell surface CD1b was the most sensitive to HCMV infection. The apparently weak reduction of cell surface CD1a, however, reflects an efficient block with regard to the large increase in CD1a present in infected cells. As transcription was not affected, the conclusion was that group 1 CD1 molecules accumulated postinfection. The transient transfection of infected cells with genes for group 1 CD1 molecules expressing green fluorescent protein (GFP) in the cytoplasmic domain clearly demonstrated that HCMV infection resulted in the retention of CD1 molecules intracellularly (Fig. 5B) , with a high percentage of cells expressing reduced cell surface CD1 in comparison to total CD1 (GFP). These findings demonstrate that the posttranslational HCMV inhibition of CD1 cell surface expression is accompanied by the intracellular accumulation of CD1 molecules. HCMV-induced CD1 blocking is rapid and efficient. In order to better quantify the strength of blockage, we further analyzed cell surface CD1b expression postinfection. The analysis of U373-CD1b cells infected with HCMV at a MOI of 2 over time showed increasing blockage up to day 5 postinfection (Fig. 6A) . Blockage was also dependent on the viral titer (Fig.  6B) . The alphaherpesvirus HSV-1 has been shown previously to upregulate CD1b at a MOI of 1 and block expression at a MOI of 100 (34) . HSV-1 infection at low MOIs (1-5) could be seen to result in an increase in cell surface CD1b (Fig. 6B) . HCMV, in contrast, showed robust CD1b blockage with no sign of upregulation at low MOIs. Although tests showed that U373 cells were fully infected with both viruses at all viral titers above 1, the titers of HSV-1 and HCMV were determined on MRC5 and not U373 cells. Thus, the titers given refer to the input virus, and a higher level of infection with one or the other FIG. 2. cmvIL-10 downregulates the transcription of CD1 molecules. (A and B) Human DC were exposed to cmvIL-10 at 25 ng/ml or left untreated for 3 days before analysis for group 1 CD1 molecules by flow cytometry (A) or qRT-PCR (B). The unfilled solid-line curves represent data for cmvIL-10-treated DC, the gray filled curves represent data for untreated DC, and the unfilled black-, stippled-line curves and unfilled gray-, stippled-line curves represent data for isotype-matched control antibodies corresponding to cmvIL-10-treated DC and untreated DC, respectively. One typical example of three is given. (C) DC were incubated for 3 days in medium supplemented with 10% supernatant from fibroblasts infected with AD169 or RVAdIL10C before analysis by flow cytometry. RVAdIL10C is a mutant of AD169 which lacks cmvIL-10. Data for DC treated with RVAdIL10C supernatant are represented by unfilled black-, solid-line curves, those for DC treated with AD169 supernatant are represented by light gray filled curves, and unfilled black-, stippled-line curves and unfilled gray-, stippled-line curves represent data for isotype-matched control antibodies corresponding to DC treated with RVAdIL10C supernatant and DC treated with AD169 supernatant, respectively. MFIs are shown above the respective curves. One typical example of two is given.
virus cannot be excluded. Collectively, these results show that HCMV induced more rapid, longer-lasting, and more efficient CD1 blocking than HSV-1.
HCMV-encoded MHC-I-blocking proteins do not block group 1 CD1 molecules. HCMV encodes several MHC-Iblocking molecules (US2, US3, US6, and US11) which may also interact with the MHC-I-related CD1 molecules. We transfected U373 cells expressing group 1 CD1 molecules with plasmids which expressed GFP in tandem with the viral immune evasion gene (Fig. 7) . Neither US2, US3, US6, nor US11 blocked the cell surface expression of group 1 CD1 molecules. In contrast, KSHV K3, a molecule known to interfere with CD1d expression (38) , could be shown to decrease the expression of all group 1 CD1 molecules. Furthermore, instead of being downregulated, CD1b and CD1c were upregulated by HCMV MHC-I-blocking molecules in a fashion similar to that of the upregulation of these molecules by HSV-1 ICP47 (34). Thus, the HCMV-encoded CD1b block is sufficiently strong to overcome CD1b upregulation induced by viral blockage of MHC-I surface expression. The KSHV K3-induced CD1 block of 25% was also significantly weaker than the CD1b block induced by HCMV infection, which at a MOI of 25 was 70% (Fig. 6B) . Thus, the overexpression of the multifunctional KSHV K3 molecule was not as efficient as active HCMV infection in reducing CD1b surface expression. These results demonstrate that HCMV-encoded CD1 blockage is efficient and not a result of a viral MHC-I evasion protein.
Group 1 CD1 blockage by HCMV is caused by an early viral gene.
In order to identify which class of viral gene was responsible for CD1 blockage, we infected cells under conditions in which only immediate-early or immediate-early and early genes were expressed. The analysis of CD1b molecule expression 3 days post-HCMV infection in the presence of actinomycin D after an initial short phase of transcription demonstrated that an immediate-early gene was not responsible (Fig.   FIG. 3 . Antigen presentation by CD1 molecules is blocked by HCMV via a posttranscriptional mechanism. U373 cell lines permanently transfected with group 1 CD1 molecules were infected with HCMV strain NEWT at a MOI of 1 or 5 or mock infected with the same quantity of UV-inactivated virus (uvHCMV). Cells were analyzed by flow cytometry after 3 days (A) or by qRT-PCR analysis of CD1b after 1 and 3 days (B). The unfilled black-, solid-line curves represent data for HCMV-infected cells, the gray filled curves represent data for mock-infected cells, and the unfilled black-, stippled-line curves and unfilled gray-, stippled-line curves represent data for isotype-matched control antibodies corresponding to HCMV-infected cells and mock-infected cells, respectively. One typical example of three is given. n Ն 3; error bars show standard deviations (SD) of the means. . When viral DNA replication was inhibited by phosphonoacetic acid, thus preventing late gene expression, there was only a slight alleviation of blockage (Fig. 8) . Similar results were seen for CD1a and CD1c (data not shown). The responsible function is therefore encoded by an early viral gene. Group 1 CD1 blockage by HCMV is dependent on the cytoplasmic domain of the CD1 molecule. The analysis of a mutant CD1b molecule in which the cytoplasmic tyrosine motif was missing (CD1b⌬t) and which was thus not endocytosed showed no significant downregulation in response to HCMV infection (Fig. 9) . These results show that the cytoplasmic domain of group 1 CD1 molecules is necessary for HCMV-encoded CD1 blockage.
Confocal analysis of CD1 expression in HCMV-infected cells. Confocal analysis was undertaken to visualize the subcellular changes shown by flow cytometry (Fig. 10) . Confocal analysis of U373 transfectants infected with HCMV strain AD169 for 5 days demonstrated the principal features of HCMV infection and CD1 molecules. Group 1 CD1 molecules accumulated intracellularly postinfection (Fig. 10A) . The partial colocalization of CD1 and HCMV proteins was often visible (Fig. 10A, C, and D) . A central core of colocalization was often surrounded by HCMV-free CD1 ϩ accumulation and an area of CD1-free HCMV staining. Colocalization was seen to increase later in infection, and large intracellular multivesicular CD1 ϩ inclusions were a characteristic feature of late HCMV infection. The strong expression of viral proteins was associated with decreased CD1 expression in transfected cells and in primary DC (Fig. 10A and B) . In order to analyze further the CD1 ϩ compartment, we costained infected cells for CD1b and CD63, a lysosomal marker that colocalizes strongly with CD1b (41). CD1b in infected cells retained strong colo- FIG. 5 . HCMV-induced cell surface downregulation of group 1 CD1 molecules is accompanied by intracellular accumulation. (A) U373 cell lines permanently transfected with group 1 CD1 molecules were infected with strain AD169 or UV-inactivated virus (uvHCMV) at a MOI of 5 for 3 days. Cells were then harvested and either analyzed by flow cytometry for cell surface antigens or fixed, permeabilized, and analyzed for whole-cell antigens. (B) U373 cells were infected with strain AD169 or UV-inactivated virus at a MOI of 5 for 1 day. Cells were then transiently transfected with plasmids containing group 1 CD1 molecules fused to GFP. Two days later, cells were analyzed by flow cytometry for total CD1 expression (GFP) and cell surface CD1 expression (Cy5). n Ն 3; error bars show SD of the means.
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calization with CD63 while the cells gained positivity for HCMV proteins (Fig. 10C) , thus demonstrating that CD1b remained primarily in the lysosome postinfection. In order to investigate if the recirculation and localization of all the CD1 molecules were normal postinfection, we cotransfected infected cells with genes for CD1a and CD1b, molecules which normally segregate into different subcellular compartments, the early endosome and the lysosome, respectively (Fig. 10D ).
As predicted, these molecules showed no colocalization in cells exposed to UV-inactivated virus. However, postinfection, strong colocalization could be seen, demonstrating that the normal recirculation of these molecules was altered by infection. The CD1 ϩ compartment has some similarity to the previously reported virion assembly compartment (VAC) (39) . Our data support the notion that viral infection disturbs the normal trafficking of CD1 molecules, which are trapped within the VAC or an associated compartment.
CD1 recirculation affected in HCMV-infected cells. In order to clarify how the CD1 molecules were accumulating intracellularly, we measured the cellular uptake of cell surface CD1 molecules postinfection. CD1c was chosen in preference to CD1b, as the levels of CD1c expressed on infected DC were generally higher than those of CD1b and, thus, CD1c was more suited to this type of experiment. Furthermore, CD1c recirculates to the late endosome, a more benign environment for bound antibody than the acidic lysosome, where CD1b resides. DC infected with live HCMV strain NEWT at a MOI of 3 for 3 days showed a significant decrease in the uptake of CD1c (Fig. 11A) , although this effect was less pronounced than the decrease in receptor-mediated phagocytosis (data not shown). This decrease in CD1c uptake was not due to DC maturation, because both UV-inactivated HCMV and lipoteichoic acid, a TLR-2 agonist, did not decrease CD1c endocytosis. This finding is also in line with previous reports that DC maturation does not affect CD1 molecule trafficking (5). U373-CD1c cells, in contrast, showed no alteration in CD1c internalization post-HCMV infection (Fig. 11B) . However, an analysis of CD1c molecules reappearing at the surfaces of U373 cells showed the inhibition of CD1c recirculation post-HCMV infection (Fig.  11C ). Thus, a major factor in HCMV-encoded group 1 CD1 were infected with AD169 or UV-inactivated virus (uvHCMV) at a MOI of 2 for 5 days before being fixed and permeabilized. Cells were stained for viral proteins (red) by using a polyclonal rabbit antiserum generated using preparations of HCMV virions and for CD1b (green). Normal rabbit serum and isotype-matched control antibodies were used to demonstrate specificity. (B) DC infected with HCMV strain NEWT at a MOI of 3 for 3 days were stained for HCMV IE1 (red) and CD1b (green). (C) U373-CD1b cells infected as described in the legend to panel A were stained for CD1b (green), CD63 (red), and HCMV proteins (blue). (D) U373 cells were infected with AD169 or UV-inactivated virus at a MOI of 2 and incubated for 24 h before being cotransfected with plasmids expressing CD1a and CD1b. After a further 4 days, cells were stained for CD1a (red) and CD1b (green). Scale bars show 25 m. or UV-inactivated AD169 at a MOI of 2 for 5 days were stained with primary antibody or isotype-matched control antibody, washed, and incubated for 4 h at 4 or 37°C in normal medium. Secondary antibody was then added, and the degree of endocytosis was calculated as described for panel A. (C) Alternatively, the U373-CD1c cells were stained with primary antibody or isotype-matched control antibody for 3 h at 37°C. Cell surface antibody was removed by a 2-min wash in an acid buffer, and the cells were then incubated for 3 h at either 4 or 37°C in normal medium. Secondary antibody was then added, and the increase in the staining intensity (MFI) compared to the staining intensity at 4°C was taken as the level of recirculation to the cell surface within this time period. n ϭ 3; error bars show SD of the means. molecule blockage is the inhibition of cell surface relocalization of endocytosed CD1 molecules. In DC, however, further mechanisms, such as the inhibition of endocytosis, also contribute to CD1 blockage. Taken together, these data demonstrate that HCMV prevents the correct recirculation of CD1 molecules.
DISCUSSION
The CD1 family is the premier antigen-presenting system for hydrophobic ligands in mammals. It is supported by a system of molecules responsible for the correct loading and processing of ligands, analogous to the transporter associated with antigen processing for MHC-I (reviewed in reference 23). HCMV is well-known to block MHC-I and MHC-II antigen presentation by both direct interference with the presenting molecule itself and alterations in the antigen-presenting machinery (reviewed in reference 21). We here show that HCMV infection also blocks CD1 antigen presentation. We have furthermore identified viral cmvIL-10 as being responsible for the transcriptional downregulation of CD1. The transcriptional downregulation of CD1 molecules as an immune evasion strategy has been demonstrated previously for Mycobacterium tuberculosis (40) . Our data also clearly show that HCMV possesses at least one further CD1-blocking gene or mechanism which operates posttranscriptionally during the early phase of infection. This block is distinct from known HCMV-encoded MHC-I-blocking molecules and is associated with the intracellular accumulation of CD1 molecules in infected cells due to alterations in CD1 recirculation.
The potential advantage of CD1 blockage for the virus is substantial. CD1-reactive T cells are thought to jump-start the immune response to pathogens and help steer the subsequent development of the adaptive immune response. The most intensively researched system is that of the CD1d-reactive NKT cells. NKT cells react very rapidly to antigens, releasing high quantities of IFN-␥ and potentiating NK activity and DC maturation. NKT cells also have a high cytotoxic capacity. The characteristics of group 1 CD1-restricted T cells are less well understood but include cytotoxicity and a high capacity to produce cytokines, particularly IFN-␥ (reviewed in reference 4). The downregulation of CD1 molecules by viruses thus potentially impairs both adaptive and innate immunity, yielding for the virus a significant advantage. It is of interest that the expression of CD1 molecules is also frequently used as a marker for the positive identification of DC, and the active downregulation of CD1 by HCMV thus may impair the classification of infected cells.
It is well-known that MHC-I expression in HCMV-infected cells reflects a composite of cellular upregulation mechanisms and viral blocking mechanisms. Cellular IFN release and pattern recognition receptor signaling postinfection upregulate the transcription of MHC-I, and this upregulation is countered by HCMV with multiple mechanisms. These include blocks of IFN production, signaling, transcription, and posttranscriptional processing of the MHC-I heavy chain (reviewed in references 15, 16, 21, 26, 28, and 35) . The CD1 phenotype of HCMV-infected cells is similarly a composite of cellular upregulation mechanisms and viral blocking mechanisms. Monocytes, in response to pathogen-induced inflammation and GM-CSF release, generate high levels of group 1 CD1 transcripts and molecules. The inhibition of MHC-I expression by viral infection further enhances CD1b expression on the cell surface. The most important site for the loading of ligands onto CD1 molecules, in contrast to MHC-I molecules, is thought to be the endosomal or lysosomal compartment (reviewed in references 4 and 23). Thus, unlike for MHC-I antigen presentation, not only fresh transcription but also recirculation is important for CD1 antigen presentation. We have shown that HCMV efficiently blocks both elements.
A number of parallels between HCMV and HSV-1 (34) with regard to group 1 CD1 molecules are apparent. Both viruses block CD1 molecule expression at the cell surface, both inhibit CD1 recirculation, and both show the colocalization of viral proteins and CD1 molecules. These parallels imply that the blocking mechanism is conserved between the viruses. The differences between the viruses within these broad parameters are also illuminating. The HSV-1 block of CD1b is relatively weak and requires a high MOI (34) , whereas the HCMV block of CD1b is strong. This potent block suggests that CD1b may have a specific role in immunity against HCMV. This preference may be explained by the sites of latency of the two viruses, CD1b being found predominantly on DC. Other human herpesviruses have been shown previously to affect group 2 CD1 molecules (34, 38, 43) , for which the inhibition of recirculation and the accumulation of CD1d could also be demonstrated. KSHV K3 and K5 both result in the accumulation of intracellular CD1d and the breakdown of MHC-I in the lysosome (38) . A comparison with MCMV is also helpful. Investigations in vivo found that although CD1d is potentially capable of inhibiting MCMV infection, it does so only when exogenous ligand is added (42) . Although the situation is not precisely the same, as mice lack group 1 CD1 molecules, it is plausible that MCMV encodes an effective CD1-blocking mechanism which prevents the presentation of endogenous ligand.
The nature of the posttranscriptional blocking molecule(s) remains, for the moment, a matter of speculation. The clinical strain used to infect DC did not have a significantly different phenotype when used to infect U373 cells expressing group 1 CD1 molecules, indicating that a blocking molecule was less likely to be present within the region deleted in strain AD169 than elsewhere. Furthermore, the fact that the viral gene was sensitive to actinomycin D but insensitive to phosphonoacetic acid treatment shows that an early gene is responsible for the blockage of cell surface CD1. This blockage requires the cytoplasmic domain of the CD1 molecule, either for the binding of the viral protein or for subsequent subcellular localization. KSHV K3 and K5 also require this domain in order to inhibit CD1d expression by promoting retention, suggesting that the HCMV-encoded blocker may work in a similar fashion.
It is also evident that the interaction between the host and HCMV with regard to CD1 molecules cannot be interpreted simply as a block induced exclusively by one viral molecule. The CD1 ϩ intracellular inclusion and colocalization data suggest that a direct association between viral proteins and CD1 molecules may exist. However, colocalization takes place predominantly on day 4 postinfection in U373 cells, when the blockade is already well established. The CD1 ϩ compartment may be the same as the VAC, where virions are assembled, and consequently a site of intense lipid trafficking. The trapping of VOL. 82, 2008 HCMV EVASION OF CD1 ANTIGEN PRESENTATION 4317
on October 2, 2017 by guest http://jvi.asm.org/ CD1 molecules within this compartment may serve as a late blocking mechanism common to several herpesviruses. Furthermore, differences seen in recirculation between DC and U373 cells implicate additional viral genes which are active only within the environment of the DC. It has also not escaped our attention that the CD1 molecules most strongly affected by HCMV infection specifically and herpesviral infection generally are those that recirculate to the most central compartments. CD1b is localized almost exclusively in the lysosome, CD1c is localized in the late endosome, and CD1a recirculates only to the early endosome. CD1a is the least affected and CD1b is the most affected by HCMV infection. Such a block would most strongly affect the CD1 molecules that naturally come in closest contact with the VAC. Bearing this situation in mind, one can postulate the contribution that CD1 evasion makes to HCMV infection. HCMV latent in myeloid progenitors reactivates as the progenitors mature into antigen-presenting cells such as DC. HCMV inhibits initial CD1 transcription via cmvIL-10 and can also prevent the subsequent presentation of antigen loaded onto CD1 molecules in endocytotic compartments as it reactivates from latent infection. The capacity to inhibit antigen presentation in DC, where group 1 CD1 molecules are predominantly located, would shield the reactivated virus during the vulnerable phase of transfer from latently infected cells into endothelial and other cell types where high viral titers can be generated and thus ultimately promote viral dissemination.
